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SUMMARY
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An experimental investigation has been conducted on bodies of rev-
olution in the iangley high Mach number jet at Mach nvwbers of 2.37,
2.98, and 3.90 and Reynolds mubere of 0.58 x 199 to 1.37 X 106 per inch
a* -angles of attack to 90°. The investigation was made to determine the
effects on the high-angle aerodynamic characteristics produced by blunting
a pointed ogival nose to hemispherical, by changing the face shape of a -
cylindrical nose fram concave hemispherical to convex hemispherical, erd
by addirg afterbodies of several lengths to the noses.

Results indicate that the force and stebility characteristics were
more dependeut upon the planform area and area distribution than upon
The cross-flow drag

the particular shape or bluntness of the noses.
theory, used to correlete the experimental normal-force data, accounted

for angle of attack and stresm Mach number for the tests of e flat-face

circular cylinder.

In comparisons of the experimentel results with the resuits from®
several variations of Newtonian impact theory, the unmcdified theory
most accurately (not satisfactorily) predicted the experimental resylts.

 INTRODUCTION . /A/

Numerous wind-tunnel investigations have been made to determine the
serodynamic characteristics of bodies of revolution having simple, basic

*Title, Unclassified.
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shapes st supersonlc speeds for apngles cf attack to 25° (refs. 1 to 9,
for example), but few experimental investigaticns have been made on
bodies with thes< shapes at angles of attack much sbove 30° or ho®
(refs. 10 and 11). Data froam such high-angle investigations would have
epplication in the design of missiles which could be fired from super-

sonic aircraft normal to the airstream, or in the design of ballistic
missiles which might reenter the earth's atmosphere at attitudes
approaching 90°. In any investigation involving flignt at supersonic
speeds, the effects of aercdynamic neating must be considered, snd con-
siderdtion of this factor requires s certain amount of blunting for nose
survival at supersonic speeds. To determine the effect of thie nose
.bluntress on the aerodynamic characteristics of missile-like configura~

. tionsy, & low-angle (0° to 25°) investigation was conducted ou bodies or
'revolu}tj on in earlier wind-tunnel tests whereln a systematic variation
; in noap bluntness wae studied. Resulte of this investigation were

"'re'po‘rted in reference 9.

Ir order to determine the high-angle aerocynamic characteristics of
the modeis of reference 9 and, thereby, provide insight into the high-
angle aerodynamic problems, the investigation of reference 9 has been
extended to include tests at angles of attack to 90°. These additional
teste were made with the same models descrited in reference 9 at angles
of attack of 30° to 90°, Mach nunbers of 2.37, 2.98, and 3.9C, and
Reynolds mumbers of 2.9 X 106 to 12.3 x 105 based on body length.

SYMBOLS

The forces and moments of the present investigation are reterred
to the body axes, and the reference center of moments is located at the
50-percent body-length station, regardless of whether the body consiste
of a nose configuration alope or a nosg configuration in combination
with an afterbody.

72

A body frontal area, -

. E
Cp,c cross-flow drag coefficlent, .1

L Pitching-moment coefficient ebout 0.51, g_i&:h%mﬂ
Cn' pitching-moment coefficient based on planform arez;
Pitchigg_ mament
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F
normal -force coefficient, -£-

F
noraal-force ccefliclient based on planform area, -—E
Y

meximum body diameter
face shape ratio {used with the cylindrical-nose configurations}

norual force

total body length {may be nose alone or noee plus afterbody)

aftertody length

pose length

free-stream Mach number

normal or crogs-flow Mach rumber, M s8in a
free-stream static pressuxre

stagnation pressure in front of normal shock

gtagnation pressure behind normsal shock

free-stream dynamic pressure, 72- pM2

nommal or cross-flow dynsmic pressure, %xﬂnz '

tip radius of ogival noses and face radius of cylindrical noses
(f1g. 1)

nope bluntness ratio (used with the ogival-nose configurations)

radius of curvature (fig. 1)

‘body plsnform area

center-of-pressure location, measured from nose
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The tests were conducted irn the langley high Mach mumber j2t for
hich Mach pumber variations were obtained with interchangeable nozzles.
The Mach numbers and other tesi variables are given in the following
table:

" Py, Reynolds mumber
1b/aq in. sbs per inch
2.37 ' 50 0.98 x 106
2.8 T 1.9
3.90 150 1.37

The stagnation tempereture varied from approximately T5° F to approx-
imately 30° F during =ach test. The Reynolds nmumbers were computed for
an average temperature of S0° F. The models were sting-mounted on a
two-component internal strain-gage balance which was used to mesasure
normal force and pitching moment. The angle-of-attack range of 30° to
90°% was covered in 15° increments by inserting the model sting iato
blocks, esch of which had e hole bored at one of the angles of attack.
These blocks irere mounted in a plate on the tunnei sidewsll and were se*
before each test was begun. The angles of attack were corrected for
sting deflections under load.

Teets were made with air having less than 5 X 10-6 pounds of water
per pound of dry alr, which eliminated water-condensation effects. The
test-section static tamperature and pressure did pot reach values for
vhich liquefaction wculd occur.

MODELS

The models of this investigation (figs. 1 and 2) were the same as
-those described in reference 9. The finemess-ratlo-5 afterbody was too
long for the tunnel test section at the hich angles of the predent inves-
tigation and was necessarily cnittel from :he testing. Two series of
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aose configurations were tested; the first series, ideutified herein as
caivel {fig. 1(a)}. had yccfiles formei by rircular arcs tangent at the
tips to spheres Wwith vadli © of 0, 0.1C, V.20, and 0.50 toe meximumr
bedy radius &/2 and tasgent at the reerward end to the maximum body
diareter. The second series of noscs (fig. 1(b)) consisted of rignt-
circular cylinders {(infinite ogives) with convex, fiat, and concave faces
end ir. the strictest sense couid not be classed as noses but in tkie dis-
cussion are desigrated asz cylindrical noses. The cylindrical nose wiih

\h

- the conrex hemispherical face is discuesed with both series of noses wnd

serves es the end~point configuration of boih series.

T order to deteraine the effect of nose length (nose fineness
ratic ly/d), three of the oglval noses with the same bluntness ratio
(2r/d = 0.20) had fineness ratics of 5, 5, and 7. All the other noses
had nominal fineness ratioe of 5. The noses were tested alcne and in
combination with cylindricel afterbodiee (fig. 1(c)) baving finemess
ratlos IA/d of 1, 2, and 3 for a range of overall fiameness ratio 174

of 3 to 9.

ACCURACY

Ths maximm lpaccuracles ¢f the experimental anglas, force coeffi-
c¢i=nts, and pcwent coefficientsn, due to balance and readout equipment
limttavions, and the sversge repeatebility of the system have been esti-
mated and are presented ir the Zoliocving *able:

Gy O o ¢ v o o v o o o o @ e v e s e e v e e e e e e e e +0.25
CN" CD’c ¢ e 8 @ e & 4 s 4+ e v . e s e 8 * 8 e r e & ¢ & s = 1‘0.150
P L« N «>s
':m,fcn-art.na..‘ano-t.-ib.ll.ool-Aiﬁo%o

RESULTS AND DISCUSSION

Pitchipy-moment And norael-Torce coefficients are presented irp fig-
ures 3 ard 4 as functions of angle of attack and ix figures 5 ind 6 as
functicns of nose bhluntnese and nose shape. The geomatric pararster
used to define the cgival-noee blurtness is - 2r/d (called the nose
blvutness. retio), and the geometric parsmeter used to define the cylin-

Ayical nose shape is d/2r {called the facs shepe ratio). The inverse

=f the acse bluntness ratio was used for the vylindrical noses to avoid
tae prcblem of plotting infinity. Figure 7 presents a correlation of

-
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experimenial Op wand (y for several models based on planform area.

Nondinmensivnzl centers of pressure are given in figures 8 and 9 as func-
tions of angle of stteck; nose bluntness, and nose face ghape. Flgures 10
sod L1l present Cp and Oy for several configurations as functions of
sfterbody length and rose length. Figure 12 presents a comparison of
exparimental snd theoretical normal force for several representative
configuratlons. Figure 13 presents a corrtlation of the experim¢ .al
pormel~force data for the flat-face circular cylinder. In this . .gure

+ve cross-flov drag coefficient is plotted sgainst the cross-flow (normel)
Mech number.

Kose Bluntness

The effecty of nose bluptness on the serodynamic characteristics of
several ogival noses alone and in conbination with a finenegs-ratio-2
afterbody are shown in figures 3, 5, 8(a), and 9{a) for the three Mach
nunbere .

Normal force.- Figurez 3 &nd 5 show that increasing the nose blunt-
ness fram pointed ogival to hemisphericsl produces large in.reases in
Oy (up to 55 poceut at o = 900, M = 2,9&, fig. 3{s)). The magnitude

0f the incrzase 1g shown to be approximately the same for the noses alone
(fige. 3(a) and 5{a)) as it is for the noses in zombination with a
fineness-ratio-2 afterbody {figa. 3{b) and 5(b)). This similarity imdi-
cates that tluntneas effects or the carryover normal force fram the noses
tc the afterbodiss we small. The curves of figure 5 show that the
increase in Cy 1is essentially linear with lncreasing nose bluntness.
Becsuse the nose planform aree sleo increases approximately linearly with
increasling nose bluntneas, tne increase in Cy is agsumed to result fram

the increased area, especially at the higher angles of attack. Figure 7
presents further evideace that the normal force for bodies of revelution
im fependent upon the planform area of the bodies. Shown in this figure
ara™data for the pointed ogival nose with and without a fineness-ratio-2
afterbody, along with the data for the flat-face circular cylinder, also
with £1d without the fineness-ratio-2 efteroody. When referred to the
body frontal area (unflegsed eymbols, unprived coefficients) the date
for the four configurstions are widely spread, but when referrec to the
planform ares (flagged symbols, primed coefficients) the spread between
the data diminishes and the deta very nesrly cnllapse inio one curve.

Pitetdng moment end center of presvure.- There are Soke inconsist-
encies 1n Cy fer the boses al no (7igs. 3(e) and S5(s)) so tbat stebility
0f & noée at 5 partioular poir. 1s in douwbt. In genersl, however, it

_sppears that the noses xlone are almost neutrally steble, with ths blunt-
est noses being slightly unstabie and the sharpest noses being slightly

. .
+




stable. The effects of bluntness are more clesrly shown in figure 3(b)
in which the noses are combined wita e Tineness-raciuv-2 afterpcdy fu.
vwhich each increase in nose bluntness prcvides an accompanying decrease
in stability. The reason for this result is explained by the fact that
an increase ir nose dDluntness contributes planform ersa ahead of the
center of momente. An illustretion of the effects ¢n the cenier of
pressure of incressing the nose bluntness is shown in figures 8(a)

and 9(a) where, as in reference 9, the center of pressure generally
moves forward with each Increase in biuntneez. An exception to this
trend was noted for the hemispherical nose for which the center of pres-
surc moved slightly rearward. Alsoc shown in figure 8{a) is the trend of
rearward movement in center of pressure tcward the centroid of planform
area with increasing angle of atteck. This r.sult is attributed to the
fact that the angie-of-attack effects outweigh tue effects of local sur-
face slope. The trend was noted in reference 2, but ihe angles of attack
wvere too low for positive staebility to be reached.

Face Shape

The effects of face shape on the aerodynamic characteristics of
cylindrical noses alone and in combina:ion with a fineness-ratio-2 after-
body are presented in figures 4, 6, 8(v}, and 9(b). Face shape is defined
for the cylindrical ncses as the ratiz Of the radius of the base to the
radius of the nose face profile d/2r.

Normal force.- Flgures 4 and 6 indicate that CN is essentially
unaffected by the face shape variation of this investigation. Fron
plenform-area considerations this result would be expected because the

difference in areas is less than 2% percent.
~

Pitching momert snd center of pressure.- The plots of €, against o
in figure I reveal that ip general the cylindrical-toge configurations
appeer to be stable for the angles of attack of this investigation. As
might De expected, the nozes with the convex faces (positive d/2r) i.
general roseess greater stability about the 50-percent body-length sia-
tion tharn those with the concave faces (negative d/2r) because there is
less planform area for the former forwerc of the refereuc center of
moments. Opecifically, figure 6, which presents Cp plotted ageinst
face shape ratio d/2r, shows & slight negative increase in Cp with
incressing d/2r for given engles of attack. This negative increase
in Cy 1is also shown in figure 4. The center-of-pressure results
(figs. 8(b) and 9(b)) ehow the same trend in that the center of pressurc

moves rearward with increasing angle of attack and, lees cbviously, with
increasling face chape ratio.
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Afteruody Tzngth or Fineness Ratio

The effects of variation in afterbody length on Cp and Cy for

the nose configurations ~f this iloversligaticon may be seen in figires 3
Lo T and in figures 10 and 11. Witk eech increase in afterbvody lergth
the reference centar cf moments was shifted to the new 50-percent body-
lenzth station. An increase in aftertody length does not necessarily,
therefore, produce en automatic stabilizing increment in pitching moment.

Norma) force.- Figures 3 to 6 and "1 shc - that the addition of an
afterbody nroduces increments in Cy for all configuratiors and, in
addition, tends to reduce slight irregularities in “he Cy curves.

(Compare the curves of figs. 3(a) and 3(b).) Figure 10 shows, as does
figure 7, that the afterbodies produce normal force proportioral to their
plenform ares since in figure 10 Cy 1increases for the ogivsl nose

(2r/d = 0.2) almost linszsrly with increusing body length.

Pitching moment and center of pressure.- In general, increatced after-
body length for the ogival noses (figs. 3, 5, 7, 10, and 11) results in
a small stebilizing ficremert -« .. . Lsvse of the rearvard shift in
centers of pressure fis- \; aj and S{=}}. Inecrezsed a®terbody length
for the cylindrical xeize (figa. 4, 5, and '7) hat nc appreciable effect
on Cp, because the ~cudimensiopal centers of pressure do not change with
additional body lev.gte (¢ige. &(b) and 9(b)). As t#: -enter of pressure
apparently movee 4 changes in vie center of aree, - 16 easlly under-
stood why the cgi-:} .inger expericace cheuges and il .« indrical noses
40 not.

Nose Length
Toe zffects of ~-rlatirm ii noce length on wr. - .  Jdynanic character-
iatics of an ogival rnu-: '7#r/d = J.2) are showns i, . re 1ll, in which
CN increases with iner:ic :iv noes leugth. T-i: .- - ig an extension

of thet established in refuror v for a«,r;u Les : .ick Zreater than
about 10°. Tt was &lS0 esianl. .20 ounl cor - o of ettack less than
auout 10V, the fineness- ratio—: v Tl dTe. s L. orser and smaller in
planform sream than the rinene@wr“ if-“) 138 v about 4C percent und
than tke fineness-ratin-T nose by about <& :'. -2ut) apparently, because
of 1ts greater local surface slope, prcduced fiy equal to approximately
that for the latter two configurations. Also in reference 9 it “vasg con-
cluded that the ionger noses poesessed greuter static rtebility than the
shorter ones because they mnre closely approached a stable conicel con-
figuration. 1Ic the present investigation. however, as shown for the
plots of Cp 1in Pigure 11, tne finenees-ratio-S nose apparenily possesses

s

Chatr PR

\ANNO |

.

vt



less static stability thun either the fimeness-rutic-% or t . fireness-
ratic~7 nose, a result vct reconciled by the conclusione of referenze 9.

Thecretical Comperiscons

Compariscns of experimental and thecreticel ©Cx for chree noses,
representative of the configurstiong of this Iinvestigatiorn, are shown in
figure 12 as functions of a. The thcoreticel values of Cf were
obtained from flat-plate Newtoanian theory (2 si.fa), circular-body

Newtorian theory (%-“-6- sina, ref. 12), and modified circulsr-body

P -'D . Pg o - D
L2 —_ 36:;? sinaa., where L2 —~— 18 tlke theoretical

q

Newvonian theory (

stagnetion-vressure coefficient (ref. 13), and %‘% is the inverse ratin

¢ wue Tirst two methods used to adspt this theory for applicavion to
circular todies|. The modified Newts...an theory was appliad to the

pointed cgivas nog= (fig. 12{a)) and the uemispherically faced cylindri-
cal nose (fig. 12(b)) by use of the method in reference 14. Thir method
is very vseful in determining local sucface slores and in determ ring
integrated nressure coef{icients for bodies with curved profiles. The
thi>d nose of the group, the flat-tace cylinder, is sbown in figure 12(c).
Uanfortunately, the agreement between experiment .ad theory 1s rather poor
for tkhe three noses in Tigure 12, as well as for the remsining noses of
the investigation. Flet-plate theory, as expected. overestimates Oy

for all three noses, especially at rthe higher angles of attack auda higher
Mach nuwber. Modified Newtonian, which is presented only fuor M = Z.37
and M = 3.90, undercstimates Cy for all threzs noses and the same is

true for the unmodified Newtonian theory. It canm be seen, novever, tn.t
although nuaoe of the predictions sxe accurate, the unmcéified Newtoni«n
theory does come closer to prediciting the experimental results than the
other methods, particularliy at the two uppar Mach numbers.

The norma_ -force coefficient for the flat-face circular cylinder is
plotted in figure 13(a) es a fuaction of stream Mach number for angles
cf attack of 30°, 60°, sad 90°. With data from reference 10 included,
the Me :h muber range extends from 2.37 to 6.86. Also uresented in fig-
ure 1,(a) are additional predictions from the modified and unmodified
wewtorlan theories. Because these are essentially hypersonic the ‘ies,
the poor agreement betwveen the experimental and theoretical results in
figures 12 and 13(a) {for M < 4), and the gocd agreement between experi-
went and theory for M > 4 in figure 13(a) is about as expected.

« P,



PP
«ren
e
P
PR
.

Cross-Flow Drag Correilation

The normal-force values ci figure ..3(a) Lave been referenced %o a
dynanic pressure based orn the cross-flow or normal Mach number end
replotted in Tigure 14(b) as the cross-ricw drag coefficient ‘ref. 10)
against the norme)l Mach number. This ctuses 2li the data to ccliapse
into mure or less one curve, still in egreement with Newtonian theory
fer ¥y > 3.5 or L, 1t nay be worth noting that the experimental CD,C

ir approximately constant alsc for My > 3.5 or k.

It is inte :sting te .aote that the cross-flow drag ~correlation and
the Newtonian tueory are similar jn that they ere both be .ed on the
thesis that the momentum of the normal component of £ supersonic sair
stream produces the fource on s body of revolution immereed in the stresm.
They are dissimilar in that Newtonian theory utilizes a theosretical maxl-
mum preesurs coefficient at a = $2° to determine & pressure or force
coefficient at angies other than 90°, whereas *he cross-flow drag correla-
tion utilizes an experimental pressure or force coefficient at a partic-
ular angle of attack tc determine an equivalent maximum force or pressure
coefficient et a = 90°.

The experimental cross-flow drag curve of figure 13(b) can be ueed
1.0 estimate tbe normal force for a circular cylinder et any stream Mach
nuetor (greater than the normal Mach mumter) and the appropriate angle

F
of &ttuck by the ~implZe relaticnships My = M 8lu a; Cx' = N , ané
7 M2
2 B
C FN
L,c ~ ‘7""'“""
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CONCILUSIONS

A wind-tunnel ir -estigation of the serodynamic characteristics of e
group of ogival-nose configurations with varying nose blunfiess ard &
group of cylindrical-nose configurations with varying face shape in com-
binstion with afterbodies having fineness ratios of 1, 2, and 3 wss made
1u the langley high Mach vumber jet at Mach numbere of 2.37, 2.98,
and 7.90 at angles of attack of 30 to 90° and resualted ii the following
conciusions:

1. In general, the ncses wore more dependert upon planfo;m Rres
than upon nose bluntness or face shape for the magnitude of the normel
force, particularly at the highest angles.
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2. The stabilivy of‘dlbhegﬁugisppseu znd the nose-afterbody combins-
Lions appears tc depend more on thc distribution of the planfurm area than
on the nwse snape or necse roundness; for this investigation the

cylindrical-nose configurations were generally stable.

5. The cross-Tlow drag, used to correlate the experimental normal-
torce data for a flat-face circuler cylinder, accounted for angle-of-
attack effects and stream Mach number.

4. The experimental data for ithree representative configurations
were compared with the results of flat-plate Newtonien theory, Newtonian
thoeorr and modified Neytonian theory {+ho lp+tter +un methde wvere degio-

hecory, and medified Newtcornien theory (the letter two methads were degig
nated as .ircular-cylinder methods); although none of the comparisor-
were satisfactory, the unmodified Hewtorian thecry resulted in thez best

cverall agreement.

Lengley Razgearch Center,
National Aeronsutics and Space Administrstion,
Langley Field, Va., May 27, 1960.
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Figure 1.- Concluded.
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Figure 2.- Photograph of the model components.
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(v) Bemispherical-face cylinder. d4/2r = 15 1/d = y/d =
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(c) Fiai-race cylt.der. d/2r = 0; 1/d
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Figure 12.- Experimental and thecretical normal-force coefflcients for
three fineness-ratio-% noses representative of the present investigation.
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(a) Normal force for & flat-face circuler cylinder.
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(b) Cross-flow drag for a flat-face circular cylinder.
Figure 13.- Correlation of experimental normal-force data for a flat-face

circular cylinder using the crose-tlow drag coeffizients and the nor-
mal Mach number. Flegged syrbols represent data from reference 10.
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